Di-n-butyl phthalate (DBP) is present in many consumer products, such as infant, beauty, and medical products. Several studies have shown that DBP causes reproductive toxicity in rodents, but no studies have evaluated its effects on ovarian follicles. Therefore, we used a follicle culture system to evaluate the effects of DBP on antral follicle growth, cell cycle and apoptosis gene expression, cell cycle staging, atresia, and 17b-estradiol (E 2 ) production. Antral follicles were isolated from adult CD-1 mice and exposed to DBP at 1, 10, 100, and 1000 lg/ ml for 24 or 168 h. Follicles treated with vehicle or DBP at 1-100 lg/ml grew over time, but DBP at 1000 lg/ml significantly suppressed follicle growth. Regardless of effect on follicle growth, DBP-treated follicles had decreased mRNA for cyclins D2, E1, A2, and B1 and increased p21. Levels of the proapoptotic genes Bax, Bad, and Bok were not altered by DBP treatment, but DBP 1000 lg/ml increased levels of Bid and decreased levels of the antiapoptotic gene Bcl2. DBP-treated follicles contained significantly more cells in G 1 phase, significantly less cells in S, and exhibited a trend for fewer cells in G 2 . Although DBP did not affect E 2 production and atresia at 24 h, follicles treated with DBP had reduced levels of E 2 at 96 h and underwent atresia at 168 h. These data suggest that DBP targets antral follicles and alters the expression of cell cycle and apoptosis factors, causes cell cycle arrest, decreases E 2 , and triggers atresia, depending on dose.
INTRODUCTION
Phthalates are industrial chemicals commonly used as plasticizers or solvents in many consumer products, such as infant care products and toys [1] , beauty products (nail polish, perfume [2] ), medical devices (blood bags, disposable gloves [3] ), and the plastic coating of some oral medications [4] . Because of their ubiquitous presence and excessive worldwide production, exposure to phthalates can occur via ingestion, inhalation, and intravenous or dermal contact. Epidemiological studies have provided evidence supporting continuous daily exposure in humans by showing that more than 75% of human spot urine samples contained detectable levels of phthalates [2] . Interestingly, women were reported to have higher urinary phthalate levels than men [2] . Other epidemiological studies have shown associations between phthalate exposure and increased miscarriage rates [5] and urinary phthalate levels and increased pregnancy complications [6] .
Dibutyl phthalate (DBP) is commonly found in cellulose acetate plastics, personal care products (e.g., nail polish, cosmetics), lacquers, varnishes, and the coating of some pharmaceuticals [7] . Human exposure has been estimated at 1-233 lg/kg/day in individuals taking medications coated with DBP [4] and 0.1-76 lg/kg/day in occupationally exposed groups [8] . Levels of monobutyl phthalate, a biomarker of DBP exposure, in serum have been estimated to range between 0.6 and 139 ng/ml (geometric mean ¼ 13.54 ng/ml) in subjects included in the 1999-2000 National Health and Nutrition Examination Survey [9] and between 0 and 0.98 ng/ml in healthy Chinese children [10] . In urine, creatinine-adjusted MBP levels have been reported to range between 1.6 and 2760 lg/g [11] .
In mice, prenatal exposure (70-2200 mg/kg, throughout gestation) to di-2-ethylhexyl phthalate (DEHP) and DBP leads to increased absorption of fetuses and increased incidence of external abnormalities in the offspring of dosed mice [12] . In rats, exposure to DEHP (2000 mg/kg/day; 1-12 days) causes prolonged estrous cycles, decreases circulating levels of 17b-estradiol, and alters ovulation rates [13] . Davis et al. [13] also identified the granulosa cell compartment as a target for phthalates by showing that DEHP-exposed ovaries contained antral follicles with smaller granulosa cell area compared to ovaries from vehicle-treated animals. More recently, DEHP (1-100 lg/ml 3 96 h) and its metabolite, mono-2-ethyhexyl phthalate (MEHP; 0.1-10 lg/ml 3 96 h), were shown to inhibit the growth of mouse antral follicles in vitro [14] [15] [16] . However, to our knowledge, no studies have evaluated the effects of DBP exposure on the adult ovary or antral follicle growth, survival, and steroidogenesis.
Ovarian follicles are the functional units of the ovary and exist in different stages of development: primordial, primary, secondary, and antral. The present study focused on antral follicles (200-350 lm in mice) because these follicles contain the oocyte for ovulation and are the major source of 17b-estradiol (E 2 ) in cycling animals [17, 18] . Damage to the antral follicle population may result in altered levels of E 2 and therefore altered ovarian function, which in turn may lead to infertility [19] . Further, decreased E 2 levels may increase a woman's risk for disorders such as osteoporosis, cardiovascular disease, and depression [20] [21] [22] .
The process of ovarian folliculogenesis is characterized by proliferation of the follicular cells that surround the oocyte and growth of the oocyte itself [18] . On activation, granulosa cells in primordial follicles enter the cell cycle, and their accelerated proliferation results in follicle growth to the antral and preovulatory stages [18] . To progress through the cell cycle, cells must complete four distinct phases known as gap 1 (G 1 ), synthesis (S), gap 2 (G 2 ), and mitosis (M). The processes of cell cycle progression and cell proliferation are controlled by three groups of regulatory proteins: cyclins, cyclin-dependent kinases (CDKs), and CDK inhibitors (CKIs; reviewed in Graña and Reddy [23] ). Cyclins are expressed in an oscillatory fashion throughout the cell cycle and, by physically binding CDKs, facilitate phosphorylation of the complex and activation of its kinase activity. The complex formed by cyclin D and CDK4/6 is critical for entry into the cell cycle and progression through the G 1 phase. Likewise, the complex formed by cyclin E and CDK2 is required for the G 1 /S transition, cyclin A-CDK1 for progression through S phase, and cyclin B-CDK1 for initiation of M phase. In contrast, CKIs, like p21, induce cell cycle arrest by inhibiting the activity of cyclin-CDK complexes. The importance of cyclin D2 in granulosa cell proliferation has been demonstrated by studies showing that cyclin D2-null mice have significantly smaller follicles, decreased granulosa cell proliferation, and impaired ovulation [24] .
Although many follicles begin development during each estrous or menstrual cycle, only a few will be ovulated. In fact, the vast majority of follicles will undergo atresia, an apoptotic process [18, 25] . Activation of apoptosis involves a tight balance between the proapoptotic proteins BAX, BAD, BOK, BID, and BBC3 (formerly known as PUMA), among others, and antiapoptotic proteins commonly represented by BCL2 (reviewed in Hengartner [26] ). Previous studies of follicle growth and atresia in various species have shown that proliferating granulosa cells appear to be more susceptible to apoptosis. Specifically, resting granulosa cells and those in early G 1 have been shown to be relatively less susceptible to apoptosis than those at the G 1 /S transition [27] .
Therefore, the main objective of this study was to use an isolated mouse antral follicle culture system to determine the direct effects of DBP on mouse antral follicles. We hypothesized that DBP exposure would result in impaired antral follicle growth, survival, and steroidogenesis. To test our hypothesis, we exposed isolated antral follicles to increasing concentrations of DBP and determined the effect of DBP on antral follicle growth, cell cycle and apoptosis gene expression, cell cycle staging, atresia, and E 2 production. Because we used doses of DBP that are above those detected in humans, the present study should not be considered a direct risk assessment analysis. Instead, the present work was meant to help identify targets of DBP toxicity in the ovary, elucidate the mechanisms of DBP toxicity in antral follicles, and, by doing so, support future environmentally relevant risk assessment studies.
MATERIALS AND METHODS

Chemicals
DBP, dimethylsulfoxide (DMSO), ITS (insulin, transferrin, selenium), penicillin and streptomycin, bovine serum albumin (BSA), and DNAse I were obtained from Sigma-Aldrich (St. Louis, MO). Alpha-minimal essential media (a-MEM), H-199 media, collagenase type I, and propidium iodide were obtained from Life Technologies (Grand Island, NY). Human recombinant follicle-stimulating hormone (rFSH) was obtained from Dr. A.F. Parlow from the National Hormone and Peptide Program (Harbor-UCLA Medical Center, Torrance, CA), charcoal-stripped fetal bovine serum (FBS) was obtained from Atlanta Biologicals (Lawrenceville, GA), and RNAse A was obtained from Worthington Biochemical Company (Lakewood, NJ).
Animals
Cycling female CD-1 mice (35-37 days old) were obtained from or bred inhouse from animals purchased from Charles River Laboratories (Charles River, CA). Animals were housed four mice per cage at the University of Illinois College of Veterinary Medicine Central Animal Facility. Food and water were provided ad libitum. Temperature was maintained at 22 6 18C, and animals were subjected to 12L:12D cycles. Animals were euthanized at 35-37 days old by carbon dioxide (CO 2 ) inhalation followed by cervical dislocation. The ovaries were removed and antral follicles isolated as described below. All experiments and methods involving animals were approved by the University of Illinois Institutional Animal Care and Use Committee and conformed to the Guide for the Care and Use of Experimental Animals [28] .
Antral Follicle Culture
Mice were euthanized by CO 2 inhalation followed by cervical dislocation. Ovaries were removed and antral follicles mechanically isolated based on relative size (200-350 lm) and placed in culture as previously described [29] . A stock solution of DBP was prepared using DMSO as a solvent. Various concentrations (1333.33, 133.33, 13.33, and 1.33 mg/ml) were prepared to ensure that an equal volume of each chemical could be added to each well to control for solvent concentration. Final concentrations of DBP in culture were 1, 10, and 100, and 1000 lg/ml. Because no other studies have evaluated the effects of DBP on ovarian follicles in vitro, the present doses were selected based on studies that have reported toxicity of DBP in males and females. Bao et al. [30] reported that in vivo exposure to DBP produced significantly different protein expression profiles in male rat testes (0.1-10 mg/kg/day) and altered reproductive organ morphology (100-500 mg/kg/day). Further, in utero exposure to DBP at 850 mg/kg/day has been shown to cause anorectal malformations and megacolon in male rats [31] ). Oral exposure to DBP (500 and 1000 mg/kg/day) from weaning through puberty, mating, and gestation resulted in increased midpregnancy abortions and decreased ex vivo ovarian hormone production in female rats [32] .
Treatment groups included four doses of DBP (1, 10, 100, and 1000 lg/ml) and a vehicle control consisting of DMSO (0.075%). All dosing solutions were prepared individually in supplemented a-MEM with an equal volume of chemical added for each dose to control for the amount of vehicle in each preparation. Supplemented a-MEM contained 5% FBS, 1% ITS (10 ng/ml insulin, 5.5 ng/ml transferrin, 5.5 ng/ml selenium), 100 U/ml penicillin, 100 mg/ml streptomycin, and 5 IU/ml rFSH. For treatment, unsupplemented media was replaced with 150 ll supplemented a-MEM containing vehicle or DBP at the various doses. Then follicles were incubated for 24 or 168 h at 378C in 5% CO 2 . In the 168-h cultures, media were removed after 96 h and replaced with fresh supplemented media containing treatment. Media samples from individual follicles (24 and 168 h) were stored at À808C until further analysis.
Analysis of Follicular Growth
Follicle growth was assessed by measuring the diameter of each follicle as described previously [29] . Follicles with diameters of 200 lm or greater were considered antral [33] based on the histological appearance of these follicles. At least three separate culture experiments were performed for each chemical treatment. Follicle diameter measurements were converted to percent change relative to 0 h and averaged among treatment groups. The resulting data were compared between the chemical treatments over time.
Histological Evaluation of Antral Follicles and Atresia Rating
At the end of culture, media were removed, and each individual follicle was processed for analysis of atresia as previously described [34, 35] . Briefly, follicles were fixed with Dietrich fixative for at least 24 h. Following fixation, follicles were dehydrated and prepared for plastic embedding using a Technovit 7100 The Sliceable kit (Heraeus Kulzer, Wehrheim, Germany) according to the manufacturer's instructions. Once embedded, follicles were placed in a dissecator for at least 24 h prior to sectioning. Follicle sections (2 lm) were obtained using an ultramicrotome, mounted on glass slides, and stained with Lee Methylene Blue Basic:Fuchsin stain. Slides were coverslipped and allowed to dry for at least 24 h before evaluation. Each follicle section was examined for level of atresia as evidenced by the presence of apoptotic bodies and reported as the average of all ratings observed throughout the follicle [34] [35] [36] . Follicles CRAIG ET AL.
were rated on a scale of 1-4 for the presence of apoptotic bodies: 1 for healthy, 2 for 1%-10%, 3 for 10%-30%, and 4 for more than 30% apoptotic bodies. All atresia ratings were assigned without knowledge of treatment group.
Measurement of E 2 and Progesterone Levels
The medium from each individual follicle was collected at the end of culture for the 24-h cultures or at 96 h (during media replenishment) for the 168-h cultures and stored at À808C. Media samples were randomly selected from all experiments and subjected to ELISA. Levels of E 2 and progesterone in media were measured using kits from DRG International (Mountainside, NJ) according to the manufacturer's instructions. The minimum detection limits were 9.71 pg/ml for E 2 and 0.045 ng/ml for progesterone, the intra-assay coefficients of variation (CV) were 4.7% for E 2 and 6.42% for progesterone, and the interassay CVs were 7.8% for E 2 and 6.63% for progesterone. Sex steroid hormone data consisted of values from 12-18 individual follicles obtained from three to six separate culture experiments. Individual follicle hormone data were normalized to follicle diameter at 24 or 96 h, as appropriate.
Quantitative RT-PCR
At the end of the culture period, follicles were immediately snap frozen and stored at À808C for subsequent quantitative PCR (qPCR) analysis as described previously [29] . Total RNA was extracted from pooled follicles (10-16 follicles per treatment) using an RNeasy Micro Kit (Qiagen, Valencia, CA) and incubated with DNAse (Qiagen; 15 min) to eliminate potential genomic DNA contamination. The RNA concentration of each sample was determined at 260 nm using a Nanodrop ND1000 UV-Vis spectrophotometer (Nanodrop Technologies, Wilmington, DE). RNA samples (200 ng) were reverse transcribed using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer's instructions. Each cDNA sample was diluted 1:4 with nuclease-free water prior to analysis.
All qPCR experiments were carried out using a CFX96 Real-time System C1000 Thermal Cycler (Bio-Rad). As described previously [29] , all qPCR reactions were done in triplicate, and each contained 1 ll of diluted cDNA, 1 ll of gene-specific primers (500 nM; Integrated DNA Technologies, Inc., Coralville, IA; Table 1 ), 3 ll of nuclease-free water, and 5 ll of SsoFast EvaGreen Supermix (Bio-Rad) for a final volume of 10 ll. As suggested by the manufacturer, the qPCR program consisted of an enzyme activation step (958C for 1 min), an amplification and quantification program (40 cycles of 958C for 10 sec, 608C for 10 sec, single fluorescence reading), a step of 728C for 5 min, a melt curve (658C À958C heating 0.58C per sec with continuous fluorescence readings), and a final step at 728C for 5 min.
Primers were designed using PrimerBLAST software [37] , and sequence information is listed in Table 1 . Primer specificity was assessed by 1) matching primer sequences with that of the gene of interest using PrimerBLAST or BLASTN 2.2.18þ [38, 39] , 2) observing a single peak following melt curve analysis, and 3) confirming amplification of a single product of the correct size by agarose gel electrophoresis.
A standard curve was generated from five serial dilutions of a sample representing all treatment groups to calculate the amplification efficiencies of each primer. Expression data were generated using the mathematical model for relative quantification of real-time PCR data developed by Pfaffl [40] . The housekeeping gene b-actin (Actb) did not differ between treatments and thus was used as a reference gene. Reported data consist of mean relative mRNA expression ratios from three to four separate follicle culture experiments.
Flow Cytometry Analysis of Cell Cycle
Single cell suspensions were prepared by modifying a method previously used for whole ovaries [41] . Briefly, antral follicles (n ¼ 30) were removed from culture and placed in a scintillation vial containing 1 ml of PBS. Collagenase type I/DNAse I solution was added to the antral follicle suspension and placed in an incubator at 378C for 30 min. Following digestion, follicles were further dissociated by repeatedly passing them through a 16-gauge needle attached to a 5-ml syringe. The digested tissue was filtered through a 40-lm filter into a 50-ml conical tube followed by an additional 10 ml of PBS to wash the filter. The cell suspension was then centrifuged at 250 3 g for 5 min, resuspended in 1 ml of PBS, and placed on ice. An aliquot of cells was removed, and cell numbers were determined to ensure that there were equal amounts of cells in each treatment.
Cell suspensions were then processed for propidium iodide staining by adding 3 ml of cold absolute ethanol (À208C) while vortexing to prevent cell aggregation. Following ethanol fixation, cells were incubated overnight at 48C and transferred to À208C until staining. Prior to flow cytometry analysis, cells were washed twice with 0.1% BSA-PBS and, depending on cell concentration, received 0.3-1 ml of propidium iodide staining solution (3.8 mM sodium citrate; 40 lg/ml propidium iodide) and 15-50 ll of RNAse A solution (DNAse activity removed). Samples were kept at 48C for at least 3 h in the dark prior to analysis. Flow cytometry data were obtained with an Accuri C6 flow cytometer (BD Biosciences, Santa Fe, CA) and analyzed using the MultiCycle add-on included with FCS Express 4 software (De Novo Software, Los Angeles, CA).
Statistical Analysis
All data were analyzed using SPSS statistical software (SPSS Inc., Chicago, IL). For all comparisons, statistical significance was assigned at P 0.05. Comparisons between DMSO and the different doses of DBP were conducted on data obtained from three to four experiments using ANOVA followed by Dunnett post hoc test. In cases when data were not parametric, comparisons between DMSO and the DBP groups were conducted using the Kruskal-Wallis nonparametric test followed by Mann-Whitney independent samples tests, as appropriate. Unpaired t-tests or Mann-Whitney nonparametric tests were used for data comparing DMSO and DBP 1000 lg/ml only. Additionally, linear regression analysis was used to test whether trends were statistically significant (i.e., Ccnd2, Ccne1, Ccnb1, Cdkn1a, and Bcl2 expression data).
RESULTS
Effect of DBP Treatment on In Vitro Antral Follicle Growth
We hypothesized that in vitro treatment with DBP inhibits antral follicle growth in culture. Antral follicles were treated in vitro with vehicle (DMSO) or increasing concentrations of DBP (1-1000 lg/ml) and their diameter measured every 24 h for a total culture time of 168 h (Fig. 1 ). Follicles treated with DMSO and DBP at 1, 10, and 100 lg/ml were able to grow over the 168-h culture period (P 0.05). DMSO-treated follicles significantly grew starting at 48 h until the end of the culture period, while follicles treated with DBP did not significantly increase in size until 72 h (1 lg/ml) or 96 h (10 and 100 lg/ml). Follicles treated with DBP at 1000 lg/ml were unable to grow over time and were significantly smaller than DMSO-treated follicles starting at 96 h and until the end of the culture period (168 h; P 0.05).
Effect of DBP Treatment on Expression of Cell Cycle Regulators
We next hypothesized that DBP-induced inhibition of antral follicle growth is caused by alterations in expression of genes that regulate the cell cycle. Therefore, at the end of 168 h, follicles were processed for analysis of gene expression by realtime qPCR. We first elected to focus on cyclin D2 (Ccnd2), cyclin-dependent kinase 4 (Cdk4), and cyclin E1 (Ccne1) because they are important regulators of the progression through G 1 in the cell cycle (Fig. 2) . Although there was no difference in the expression of Cdk4 between follicles treated with DMSO and DBP at 1000 lg/ml, follicles treated with DBP had significantly lower expression of Ccnd2 compared to DMSO (P 0.05). Expression of Ccne1, which is involved in the G 1 /S transition and S phase of the cell cycle, was not changed by DBP treatment at 168 h (data not shown).
Although down-regulation of Ccnd2 may be an indication that DBP treatment may result in cell cycle arrest, whether this observation is the earliest event leading to inhibited follicle growth was not clear. Therefore, we determined whether downregulation of Ccnd2 and other cell cycle genes occurs in the first 24 h of culture. We focused on cyclins involved in each stage of the cell cycle and compared the expression of Ccnd2, Ccne1, cyclin A2 (Ccna2; S and G 2 phases), and cyclin B1 (Ccnb1; M phase) in control and DBP-treated follicles. We also determined the expression of cyclin-dependent kinase inhibitor 1A (Cdkn1a; also referred to as p21), which is a transcriptionally activated gene that leads to cell cycle arrest at the G 1 to S checkpoint [42] . Interestingly, expression of all genes tested was altered by DBP treatment after a 24-h exposure. Specifically, expression of Ccnd2 (Fig. 3A) and Ccna2 (Fig.  3C ) was significantly reduced in follicles treated with DBP at 100 and 1000 lg/ml (P 0.05), while Ccne1 (Fig. 3B ) expression was significantly decreased by DBP in follicles CRAIG ET AL. treated with 10, 100, and 1000 lg/ml (P 0.05). Further, DBP at 100 (P 0.05) and 1000 lg/ml (P ¼ 0.07, trend) resulted in reduced expression of Ccnb1 (Fig. 3D) . Finally, increasing concentrations of DBP treatment resulted in increased expression of Cdkn1a (linear regression, P 0.05), but statistically significant differences compared to vehicle were observed only in follicles treated with DBP at 10 and 1000 lg/ ml (P 0.05; Fig. 4) .
Effect of DBP Treatment on the Cell Cycle Staging of Follicular Cells
Based on follicular growth and gene expression data, we hypothesized that DBP suppresses antral follicle growth by causing cell cycle arrest at the G 1 phase of the cell cycle. To test this hypothesis, following treatment with DBP (1000 lg/ ml) for 24 h, antral follicles were dispersed by gentle enzymatic digestion and follicular cells stained with propidium iodide for cell cycle staging by flow cytometry. Representative images of flow cytometry data are shown in Figure 5 , A and 5B, and a summary of all data is shown in Figure 5C . We observed a significant accumulation of DBP-treated follicular cells in G 1 (90.9 6 0.6% gated cells; P 0.05) compared to cells from follicles treated with vehicle (82.2 6 2.7% gated cells). Further, this accumulation resulted in decreased numbers of cells in S phase between DBP-treated follicles (6.6 6 0.9% 
Effect of DBP Treatment on Antral Follicle Atresia and Regulators of Apoptosis
We hypothesized that another consequence of treatment with DBP is follicular death by apoptosis. Cultures were stopped after 24 or 168 h and antral follicles processed for morphological evaluation of follicular atresia or gene expression analysis by qPCR. After 24 h, there were no differences in the number of apoptotic bodies (indicators of follicle atresia) present in vehicle-and DBP-treated follicles (P . 0.05; Fig.  6A ). At 168 h, although there were no differences between follicles treated with DMSO and DBP at 1, 10, and 100 lg/ml, follicles treated with DBP at 1000 lg/ml had significantly more apoptotic bodies (P 0.05; Fig. 6B ).
We next determined the expression of two genes known to code proteins involved in the ovarian apoptotic pathway: BCL2-associated X protein (Bax; proapoptotic) and B-cell leukemia/lymphoma 2 (Bcl2; antiapoptotic) factor at 168 h. Follicles treated with DBP at all doses had similar expression of Bax and Bcl2 compared to vehicle-treated follicles (data not shown). Interestingly, data obtained from follicles treated with DBP at 1000 lg/ml showed a trend for increased expression of Bcl2 (data not shown).
As with expression of cell cycle genes, we elected to determine the expression of Bax, Bcl2, and other apoptosis related genes in samples exposed to DBP for 24 h. We specifically determined the expression of BCL2-associated agonist of cell death (Bad), BCL2-related ovarian killer protein (Bok), BH3-interacting domain death agonist (Bid), and BCL2 binding component 3 (Bbc3), previously known as p53 upregulated modulator of apoptosis (Puma). Expression of Bax, Bad, and Bok was not affected by DBP at all doses tested relative to vehicle-treated follicles (p . 0.05; data not shown). Expression of Bid was not affected by DBP at 1, 10, and 100 lg/ml but was significantly increased in follicles treated with DBP at 1000 lg/ml (P 0.05; Fig. 6C ). Interestingly, expression of Bbc3 was not detectable, or levels were very low in all treatments (data not shown). Finally, follicles treated with DBP showed overall lower levels of Bcl2 (linear regression, P 0.05), and this difference was statistically significant at the 10-and 1000-lg/ml doses versus vehicle-treated follicles (P 0.05; Fig. 6D ). 
Effect of DBP on Production of E 2 and Progesterone by Isolated Antral Follicles
We also hypothesized that by compromising their health, DBP may decrease the production of E 2 and progesterone by cultured antral follicles. Levels of E 2 and progesterone were determined in media samples collected from follicles treated for 24 or 96 h in culture, normalized to follicle size, and compared between groups. After 24 h, there were no differences in the amount of E 2 accumulated in the media of vehicle and DBP-treated follicles (P . 0.05; Fig. 7A) . However, at 96 h, follicles treated with DBP at 1000 lg/ml had accumulated significantly less E 2 in media than vehicletreated follicles (P 0.05; Fig. 7B ). There were no significant differences between controls and DBP-treated follicles in levels of progesterone at 24 h (DMSO: 0.014 6 0.006 ng/ml; DBP1: 0.018 6 0.009 ng/ml; DBP10: 0.017 6 0.002 ng/ml; DBP100: 0.020 6 0.006 ng/ml; DBP1000: 0.015 6 0.002 ng/ ml; P . 0.05) and 96 h (DMSO: 0.048 6 0.002 ng/ml; DBP1: 0.044 6 0.002 ng/ml; DBP10: 0.050 6 0.006 ng/ml; DBP100: 0.049 6 0.007 ng/ml; DBP1000: 0.080 6 0.018 ng/ml; P . 0.05).
DISCUSSION
We used an isolated follicle culture system to study direct effects of DBP exposure on mouse ovarian antral follicles. Our main findings suggest that the effect of DBP on mouse antral follicle physiology is concentration dependent and involves alterations in transcripts that regulate cell cycle and apoptotic pathways. Specifically, we show that DBP at 1, 10, and 100 lg/ml does not alter the ability of mouse antral follicles to grow and survive in vitro. However, when given at 1000 lg/ml, DBP significantly suppresses the growth of antral follicles, causes cell cycle arrest by altering the expression of key cell cycle regulator transcripts, and induces follicular atresia by disrupting the balance between pro-and antiapoptotic transcripts.
Although this is the first study evaluating the effects of DBP on cell cycle and apoptotic pathways in antral follicles, others have reported similar effects in reproductive tissues exposed to other endocrine disruptors. In mice, DEHP has been shown to decrease Ccnd2 mRNA and protein in both male germ cells [43] and ovarian antral follicles [14] . Further, MEHP has been shown to increase apoptosis in male germ cells [44] and decrease Ccnd2 and Cdk4 mRNA in mouse antral follicles [14] . Another endocrine disruptor present in consumer Antral follicles were mechanically isolated and placed in culture for 24 h and processed for qPCR or histological evaluation of atresia as described in Materials and Methods. All gene expression data were normalized to the expression of Actb. Data represent means 6 SEM from three to four separate experiments each with 8-16 follicles (qPCR) or three to four follicles (follicle atresia) per treatment. Asterisks (*) indicate statistically significant differences (P 0.05) between DBP-treated follicles and vehicle-treated follicles (DMSO). A, B) Data for atresia rating at 24 and 168 h, respectively. C, D) mRNA expression data for Bid and Bcl2 at 24 h. Atresia rating scale: 1-4 for the presence of apoptotic bodies: 1 for healthy, 2 for 1%-10%, 3 for 10%-30%, and 4 for greater than 30% apoptotic bodies.
DBP TOXICITY IN MOUSE OVARIAN ANTRAL FOLLICLES
products, bisphenol A (BPA), has been shown to disrupt cell cycle and apoptosis gene expression in mouse antral follicles [35] and cause apoptosis and G 2 /M cell cycle arrest in mouse granulosa cells [45] . In cell lines, exposure to brominated BPA leads to decreased cell viability, marked G 2 /M cell cycle arrest, and alterations in MAPK signaling pathways [46] . In rat granulosa cells, dihydrotestosterone treatment leads to decreased proliferation, decreased Ccnd2 mRNA, and induced cell cycle arrest in G 1 [47] . Also, hexavalent chromium decreased proliferation, decreased expression of cyclins and CDKs, increased expression of CDK inhibitors [48] , and induced apoptosis in rat granulosa cells [49] .
In the present study, we did not expect to observe mRNA expression changes in doses that do not disrupt in vitro antral follicle growth. To our surprise, we observed that DBP exposure, regardless of concentration and effect on follicle growth, resulted in decreased expression of four major cyclin mRNAs. Therefore, it is possible that DBP causes cell cycle arrest at all doses but that somehow antral follicles treated with lower doses of DBP are capable of escaping arrest. Further, we think that antral follicles exposed to 1000 lg/ml undergo cell cycle arrest but are unable to exit arrest and subsequently undergo apoptosis. These ideas are supported by our findings showing that all DBP-treated follicles, regardless of dose, expressed greater levels of the cell cycle arrest marker Cdkn1a than controls and that, although all DBP follicles had reduced levels of the antiapoptotic gene Bcl2, only the follicles treated with 1000 lg/ml had increased transcript for the proapoptotic gene Bid when compared to vehicle-treated controls. Another finding that supports the idea of cell cycle arrest followed by apoptosis is the observation that follicles treated with DBP at 1000 lg/ml did not show histological signs of follicular atresia at 24 h when Cdkn1a was increased in all doses but had a significantly greater incidence of apoptotic bodies after 168 h in culture.
We also hypothesized that DBP-treated follicles would contain more follicular cells arrested early in the cell cycle. Along with our gene expression data, which suggested that cell cycle arrest at G 1 occurs at 24 h, we observed a significant accumulation of follicular cells from DBP-treated follicles in G 1 at that time point. Further, we observed that accumulation in G 1 was accompanied by reductions in the number of cells in S and G 2 . Although no other studies have evaluated the effect of DBP on cell cycle staging in ovarian cells, Xu et al. [45] evaluated the effect of BPA on granulosa cells and observed cell cycle arrest at G 2 /M. These findings highlight the idea that endocrine disruptors can alter common parameters (e.g., cell cycle gene expression, follicle growth) but do so by acting via different mechanisms (e.g., G 1 /S vs. G 2 /M arrest).
Finally, we also used accumulation of E 2 and progesterone as measurements of antral follicle function and health and observed that at 24 h all DBP-treated follicles had accumulated levels of both steroids that were similar to those observed in control follicles. However, at 96 h, follicles exposed to DBP at 1000 lg/ml had reduced levels of E 2 in media. There were no statistically significant differences in progesterone levels at 96 h between treatments, but there was a trend for higher levels in DBP-treated follicles (1000 lg/ml). These data suggest that impaired E 2 production, potentially as a result of decreased follicle health, occurs sometime after 24 h but before 96 h. Further, the lack of an inhibitory effect on progesterone production suggests that DBP may target E 2 production directly. The present study constitutes the first report of DBP-induced effects on in vitro ovarian antral follicle E 2 production, and it is consistent with previous studies reporting decreased in vitro antral follicle steroidogenesis following exposure to methoxychlor and its metabolites [29, 50] , BPA [51] , and DEHP and MEHP [14] . Further, various studies have described the ability of DBP to disrupt steroidogenesis in rodent animal models. In utero exposure to DBP decreased testicular steroidogenic enzyme activity and serum testosterone in F1 rats [52] , decreased expression of proteins required for cholesterol transport and steroidogenesis [53, 54] , and decreased steroidogenesis by fetal-type Leydig cells in primates and rodents [55] . In female rats, oral exposure to DBP from weaning through mating and gestation resulted in decreased ex vivo ovarian hormone production [32] . Similarly, recent studies have described the detrimental effects of DEHP and its metabolite on steroidogenesis by cultured rat fetal testis [56] and adult human testis explants [57] . Therefore, evidence exists that DBP as well as other phthalates that alter cell cycle FIG. 7 . Effect of in vitro treatment with DBP on levels of E 2 produced by mouse antral follicles. Antral follicles were mechanically isolated and placed in culture for 24 or 168 h and E 2 levels measured as described in Materials and Methods. Media samples from individual follicles were obtained at the end of the 24-h cultures (A) or during the 96-h media change of the 168-h cultures (B). Data represent means 6 SEM from three to four separate experiments for a total of 12-18 follicles per treatment. The asterisk (*) indicates a statistically significant difference (P , 0.05) between DBP-treated follicles and vehicletreated follicles (DMSO).
CRAIG ET AL. and apoptosis regulation also affect the ability of the gonad to synthesize steroids.
In summary, we have shown that in vitro exposure to DBP alters the levels of key transcripts that regulate progression through the cell cycle, inhibition of proliferation by cell cycle arrest, and activation of apoptosis in mouse antral follicles. Further, we demonstrated that these alterations occur at DBP concentrations that do not alter antral follicle growth and thus may remain undetected. These findings are significant because they provide evidence that the ovary is a target for DBP toxicity, that DBP toxicity to antral follicles occurs at concentrations that do not cause disruptions in in vitro growth, and that mechanisms exist for antral follicles to undergo cell cycle arrest and repair or cell cycle arrest followed by apoptosis. Now that the current study has identified direct effects of DBP on ovarian antral follicles and identified key end points and pathways that become affected, subsequent studies will be aimed at conducting environmental risk assessments and further elucidating the molecular mechanisms involved.
